Abstract-Time-resolved U(VI) laser fluorescence spectra (TRLFS) were recorded for a series of natural uranium-silicate minerals including boltwoodite, uranophane, soddyite, kasolite, sklodowskite, cuprosklodowskite, haiweeite, and weeksite, a synthetic boltwoodite, and four U(VI)-contaminated Hanford vadose zone sediments. Lowering the sample temperature from RT to ϳ 5.5 K significantly enhanced the fluorescence intensity and spectral resolution of both the minerals and sediments, offering improved possibilities for identifying uranyl species in environmental samples. At 5.5 K, all of the uranyl silicates showed unique, well-resolved fluorescence spectra. The symmetric O ϭ U ϭ O stretching frequency, as determined from the peak spacing of the vibronic bands in the emission spectra, were between 705 to 823 cm Ϫ1 for the uranyl silicates. These were lower than those reported for uranyl phosphate, carbonate, or oxy-hydroxides. The fluorescence emission spectra of all four sediment samples were similar to each other. Their spectra shifted minimally at different time delays or upon contact with basic Na/Ca-carbonate electrolyte solutions that dissolved up to 60% of the precipitated U(VI) pool. The well-resolved vibronic peaks in the fluorescence spectra of the sediments indicated that the major fluorescence species was a crystalline uranyl mineral phase, while the peak spacing of the vibronic bands pointed to the likely presence of uranyl silicate. Although an exact match was not found between the U(VI) fluorescence spectra of the sediments with that of any individual uranyl silicates, the major spectral characteristics indicated that the sediment U(VI) was a uranophane-type solid (uranophane, boltwoodite) or soddyite, as was concluded from microprobe, EXAFS, and solubility analyses.
INTRODUCTION
Uranium is a significant contaminant of water and soil at sites of U mining, milling, and nuclear materials production (Riley and Zachara, 1992; Bernhard et al., 1996; Morris et al., 1996; Bostick et al., 2002) ; and at environmental locations where U has accumulated through natural geologic or hydrologic processes (Duff et al., 1997; Duff et al., 2000) . It is crucial to understand the speciation of U in these settings to understand and predict the future migration behavior of U and to remediate contaminated soils and subsurface sediments.
Environmentally mobile U exists in the ϩ 6 oxidation state as the uranyl cation (UO 2 2ϩ ). The geochemistry of the uranyl ion is complex. Uranyl forms a diverse array of aqueous complexes with inorganic and organic ligands. Uranyl is adsorbed extensively by mineral matter through ion exchange to fixed charge sites on phyllosilicates {smectite, vermiculite, etc.} (McKinley et al., 1995; Turner et al., 1996) and by surface complexation to amphoteric surface hydroxyl sites on phyllosilicates (Borovec, 1981; McKinley et al., 1995; Pabalan and Turner, 1996; Thompson et al., 1998; Turner et al., 1996) and Al(III), Fe(III), and Si oxides (e.g., Waite et al., 1994; Hudson et al., 1999; Sylwester et al., 2000) . X-ray adsorption spectroscopy measurements have shown that the uranyl cation can adsorb as mononuclear, multinuclear, or oligomeric species (Dent et al., 1992; McKinley et al., 1995; Hudson et al., 1999) . Aqueous uranyl-carbonate and phosphate complexes can also adsorb as ternary surface complexes (Bargar et al., 1999 (Bargar et al., , 2000 Barnett et al., 2002; Bostick et al., 2002) . The uranyl cation exhibits complex crystal chemistry, forming many distinct solid phases with common environmental ligands including hydroxyl, phosphate, silicate, and carbonate (Cejka and Urbanec, 1990; Finch and Ewing, 1991; Morris et al., 1996) .
Uranyl displays a unique green-yellow fluorescence emission spectra with vibronic features (Denning, 1992; Bernhard et al., 1996; Meinrath, 1997) . For samples with sufficient fluorescence intensity and resolution, identification of uranyl species from its fluorescence spectral signature is possible. This technique has been used to speciate uranium in soils and sediments in combination with X-ray and Raman spectroscopy (Morris et al., 1996; Hunter and Bertsch, 1998; Duff et al., 2000) . Metaautunite, phosphuranylite, and uranyl hydroxide (schoepite) were found as the primary U(VI) precipitates in Fernald soil (Hunter and Bertsch, 1998; Morris et al., 1996) while amorphous uranyl hydroxide was the dominant precipitated U(VI) phase at the Savannah River site (Hunter and Bertsch, 1998) .
Recently, we obtained a unique set of U(VI)-contaminated samples from beneath a high level waste tank (BX-102) at the U. S. DOE Hanford site that leaked over 7 metric tones of U(VI) into the vadose zone. Leaking tank waste (Bismuth phosphate metal waste) contained high levels of dissolved U(VI) (ca., 0.3 mol/L in the form of a 2.5 mol/L Na-HCO 3 solution) that migrated deep into the vadose zone (Fig. 1) . We have sought to identify the U species in these sediments with X-ray absorption fine structure (EXAFS), scanning electron microscopy (SEM), X-ray and electron microprobe (XRM, EMP), and laser induced time-resolved fluorescence spectroscopy (LIF) (Catalano et al., 2003; Liu et al., 2004; McKinley et al., 2003) . EDX analysis of the uranium-bearing grains (Ն 2 m) indicated that these sediments are absent of carbon and have an average phosphorus to uranium molar ratio (P:U) of 0.2:1. Elements of significance are only oxygen, sodium, aluminum, silicon, potassium, and uranium. Results from EXAFS, SEM, and XRM/EMP measurements suggest that U(VI) exists in the sediments as a uranyl silicate precipitate (Catalano et al., 2003; Liu et al., 2004; McKinley et al., 2003) . Initial LIF measurements on the sediments at room temperature (RT) yielded weak and poorly resolved spectra that did not allow identification of the uranyl species. However, cooling the sediments to liquid helium temperature (LHeT) significantly enhanced spectral intensity and resolution, providing the ability to speciate precipitated U(VI) in these subsurface sediments.
In this work, we performed laser induced time-resolved fluorescence spectroscopic measurements on U(VI)-contaminated Hanford sediments at cryogenic conditions (near liquid helium temperature, 5.5 Ϯ 1.0 K) to define the nature and identity of precipitated U(VI) before and after a period of laboratory dissolution. Because a theoretical basis or a predictive relationship does not exist to define the dependence of the fluorescence spectrum of a uranyl compound on its chemical or crystal structure, LIF measurements were performed on a series of natural and synthetic U(VI) silicates to provide spectral reference. Direct comparisons were made between the spectral signatures of the reference minerals to those in the sediments acquired under the same experimental conditions. These comparisons, along with other measurements, implied the presence of boltwoodite or uranophane in the sediments. These phase identifications were generally consistent with those made by other techniques (e.g., Catalano et al., 2003) . However, compositional information from EMP analysis was necessary to identify plausible U(VI)-silicate candidate phases that often did not differ significantly in their fluorescence emission spectra.
EXPERIMENTAL

Uranium Silicate Minerals
Nine natural uranium-silicate minerals were obtained from the American Museum of Natural History (AMNH) and the Smithsonian Institution (SI) ( Table 1 ). The natural weeksite was provided by professor Peter Burns at The University of Notre Dame, Notre Dame, Indiana. Synthetic boltwoodite was supplied by Dr. S.B. Clark at Washington State University, Pullman, Washington. The synthetic boltwoodite was prepared by reacting 0.35 g UO 2 (NO 3 ) 2 · 6H 2 O, 0.5 g KCl and 3 g hydrothermal quartz in 25 mL H 2 O at pH 11.5 in a Parr reaction bomb at 180°C for 7 d following the procedure of Vochten et al. (1997b) . The mineral samples consisted of fine-grained crystallites ranging in size from tens of microns to more than one millimeter. The minerals were analyzed by X-ray diffraction (XRD) to confirm their identity. Some of the natural specimens contained lithic fragments of quartz, or calcite. XRD and fluorescence analyses were performed on the yellow/greenish U-mineralization zones only.
Hanford Vadose Zone Sediment Samples
Four U-contaminated Hanford vadose zone sediment samples, 53A, 61A, 61AB, and 67AB were studied by LIFS. These samples were obtained from Hanford borehole 299-E33-45 that was placed through a metal waste plume proximate to Tank BX-102 in 2001 to provide information on the depth distribution and inventory of uranium and technetium resulting from the 1951 spill (RPP-10098, 2002; Womack and Larkin, 1971) . The samples were obtained from depths of 118.8, 130.7, and 141.0 ft below ground surface, respectively ( Fig. 1 and Table 2 ).
Samples 61AB and 67AB were subjected to a period of desorption/ dissolution in the following electrolytes: i.) NaHCO 3 (0.194 mM)-NaNO 3 (0.0498 M) with I ϭ 0.05, pH 7.27, and contact time of 4 weeks; ii.) NaHCO 3 (15.59 mM)-Na 2 CO 3 (4.93 mM)-NaNO 3 (0.0245 M) with I ϭ 0.05, pH 9.25, and contact time of 4 weeks; iii.) CaCO 3(s) -saturated Ca(ClO 4 ) 2 (0.0219 M)-NaClO 4 (0.0666 M) with I ϭ 0.05, pH 7.57, and contact time of 2 weeks; and iv.) CaCO 3(s) -saturated NaClO 4 (0.0416 M)-NaHCO 3 (4.44 mM)-Na 2 CO 3 (4.44 mM)-HClO 4 (1.425 mM) with I ϭ 0.05, pH 8.96, and contact time of 2 weeks. These solutions are hereafter abbreviated as Na-1, Na-2, Ca-1 and Ca-2. The sediments were slowly shaken continuously with the electrolytes at room temperature using a solid to solution ratio of 200 g/L. An aliquot of the suspension was withdrawn after the desired contact time and the sediment and the solution were separated by filtration (prewashed Centriplus YM-30 centrifugal device filters). Both the leached solids and the supernatant were analyzed by LIFS.
XRD Measurements
Powder diffraction (XRD) measurements were performed using Cu K ␣ radiation ( ϭ 1.5418 Å) on a Rigaku X-ray diffractometer at Stanford University. Data were analyzed using the software package Jade 6.5 (Materials Data, Inc., Livermore, California). XRD patterns were compared with the Powder Diffraction File (PDF) to determine the phase(s) present. Initial comparisons were done using an automated search/match routine. These results were combined with direct comparison of the PDF patterns of likely uranium-bearing and accessory (e.g., quartz, calcite) phases to determine the qualitative sample compositions.
Cryogenic U(VI) Fluorescence Measurements
Fluorescence spectroscopic and lifetime measurements were performed in a Cryo Industries RC-152 cryostat at near liquid He-temperature (5.5 Ϯ 1.0 K). Individual solid samples were mounted in custombuilt sealed copper sample holders fitted with sapphire optical windows. Solution samples (ϳ 100 L) were transferred into a 3 mm x 3 mm quartz spectroscopic cell fitted with silicone stoppers. Atmosphere control was maintained throughout the sample handling procedure except during the spectral acquisition for the solution samples. The samples were attached to the cold finger of a Cryo Industries RC-152 cryogenic workstation in which the sample cell was directly exposed to the vapor flow of liquid helium. The sample temperature The sample quantity was too small for XRD analysis.
a The mineral formulae were taken from reference Finch and Murakami (1999) or noted otherwise. b Data from Burns (2001) . c Data from Vochten et al. (1997a) . was controlled by tuning both the liquid helium flow rate and the electric current applied to the internal heater of the cryostat through a Lakeshore 330 auto-tuning temperature controller. The normal fluorescence emission spectra of samples were obtained by excitation at 415 nm, the spectral maximum of the first electronic absorption band, by the frequency doubled output of a Spectra-Physics Nd:YAG laser pumped MOPO-730 laser. The resulting fluorescence was collected at 75°to the excitation beam by a 2 in diameter f/3 fused silica lens and focused by a 2 inch f/4 fused silica lens into the entrance slit of a 0.3 m focal length Acton SpectroPro 300i double monochromator spectrograph. An Omega 460LP cutoff filter with a cutoff wavelength of 460 nm was placed in front of the entrance slit of the spectrograph to reject the scattered laser light. Time-resolved emission spectra were recorded using a thermoelectrically cooled Princeton Instruments PIMAX time-gated intensified CCD camera that was triggered by the delayed output of the laser pulse and controlled by the WinSpec data acquisition software. The same sample volume and geometry was used for all analyses to allow semiquantitative and/or quantitative determination of uranyl species. The fluorescence lifetime of U(VI) in the samples was measured by excitation with the frequency-doubled output of a Pulsed Nd:YAG laser pumped MOPO laser system (415 nm). The light emitted by the sample was collected at 90°by an f1.5 fused silica lens and detected by a Hamamatsu R928 photomultiplier tube (PMT) at wavelength between 490 nm to 550 nm after dispersing through a CVI R110 monochromator. The fluorescence intensity signal from the PMT was amplified and recorded with a Tektronics TDS 754A digital oscilloscope.
Data analysis was performed using the IGOR, a commercial software, and the Globals program (Beechem et al., 1991) .
RESULTS
XRD Analysis of Uranium-Silicate Minerals
Most of the U(VI)-silicates were of high purity and crystallinity with XRD patterns that were consistent with literature reports (Table 1) . A few samples turned out to be impure: the "soddyite" was a 50/50 mixture of soddyite and curite and the haiweeite was predominantly calcite, with minor haiweeite (10%-25%). Uranophane and boltwoodite contained a small amount of amorphous materials. Representative diffraction patterns for uranophane, boltwoodite, and soddyite are shown in Figure 2. 
Room Temperature and Cryogenic Fluorescence Spectroscopic Characterization of Uranium Silicate Minerals
The fluorescence emission spectra of the uranyl silicates showed large variability at room temperature (Fig. 3) . The fluorescence spectral characteristics of those samples containing nonfluorescence minerals such as calcite and quartz reflect only that of the uranium mineral present, albeit at lower intensity. Boltwoodite (both synthetic and natural), uranophane and haiweeite showed relatively strong, well-resolved emission spectra with typical vibronic characteristics of uranyl. The soddyite and weeksite showed broad spectra spanning the wavelength region typical of uranyl compounds. Cuprosklodowskite, sklodowskite and kasolite, all containing another divalent metal in their crystal structure, were nearly without fluorescence. The room temperature measurements demonstrated that the fluorescence spectra of uranyl silicates were dependent on sample composition.
Lowering the sample temperature increased both the fluorescence spectral intensity and the resolution. While these enhancements were experienced within the entire temperature range investigated (RT-5 K), a dramatic resolution enhancement was often observed between 40 K to 10 K, corresponding to the suppression of phonon-assisted energy transfer. At nearliquid helium temperature, all of the uranyl silicates showed bright green-yellow fluorescence upon laser excitation ( ex ϭ 415 nm) (Fig. 4) . However, the relative fluorescence intensity increase varied by over three orders of magnitude for the different phases. Uranophane exhibited a 10-fold fluorescence intensity increase while the others were 100 to 1000 times more fluorescent. These results indicated that the composition and structure of the uranyl silicate dictate the fluorescence spectral characteristics in the absence of fluorescence quenching.
Differences were observed in the fluorescence emission spectra of the natural boltwoodite and a synthetic form (Vochten et al., 1997b) (Fig. 4) . One possible explanation for the differences is a variation in degree of hydration, which can vary with paragenesia and synthesis conditions (Morris et al., 1996) .
The fluorescence spectra (Fig. 4 ) agreed with the XRD analyses, confirming the presence of mineral mixtures in some cases, and single phases in others. XRD analyses of soddyite from AMNH indicate that the sample is a mixture of curite and soddyite. However, time resolved fluorescence spectra at 5.5 k temperature showed that soddyite had a longer fluorescence lifetime than curite. As the delay time was increased the curite spectra decayed after ϳ 500 s, leaving only that of the soddyite (Fig. 5) .
Uranyl compounds exhibit characteristic fluorescence spectral features including vibronic bands with defined peak spacing and relative intensities, band origins, and fluorescence lifetimes. The peak spacing (Table 3) between the vibronic bands corresponds to the symmetric stretching of the O ϭ U ϭ O entity, 1 . The enhanced spectral resolution obtained by low temperature measurement made it possible to calculate 1 for all of the uranyl silicates. The band origin is the highest vibronic band resulting from the electronic emission from the v ϭ 0 (lowest) vibrational state of the excited state to the v ϭ 0 vibrational state of the ground state. Although classical symmetry-based analysis of the vibrational progression has been attempted, the presence of multiple electronic transitions (Brittain and Perry, 1980) and many vibrational modes in the spectral region make it impossible to predict the relative intensities of the vibronic bands. Uranyl silicates showed short fluorescence lifetimes at room temperature (Table 3 ) as compared to the uranyl phosphates and carbonates (Bernhard et al., 1996; Geipel et al., 2000; Wang et al., 2003) . Among the uranyl silicates, only boltwoodite and uranophane showed fluorescence lifetimes longer than a few microseconds while the rest were all less than 1 s. Fluorescence lifetimes became much longer at liquid helium temperatures (Table 3) which is consistent with the changes in fluorescence spectra. The decrease in fluorescence quenching that occurs at low temperature enhances fluorescence emission and leads to longer fluorescence lifetimes.
Fluorescence decay of all the uranyl silicates was described with two exponential functions (Fig. 6 ). Bi-exponential decay behavior is commonly observed for U(VI) minerals at cryogenic temperatures, but the phenomenon has not been well explained. Volodko et al. (1974) postulated that a redistribution of energy occurs after excitation and that two geometrically similar coordination environments develop for the mineral species (Brittain and Perry, 1980) .
Fluorescence Spectral Analysis of the BX-102 Sediment Samples
The U-contaminated Hanford sediments displayed only broad and weak fluorescence spectra at room temperature (Fig.  7) , which were useless for the identification of uranium species. Because the sediment concentrations of U(VI) were relatively high (Table 2) , the weak, broad fluorescence spectra indicated the presence of U(VI) fluorescence quenchers or multiple uranium phases, structures, or compositions that could facilitate energy transfer between the uranium species or with the host sediment.
Lowering the sample temperature dramatically increased the fluorescence intensity (two to three orders of magnitude) and spectral resolution (Fig. 7) . Liquid nitrogen temperatures (LN-77 K) were insufficient to achieve desired spectral resolution (Fig. 7b) . Optimal enhancement was achieved upon cooling to near liquid helium temperature (Fig. 7c) . As observed for some of the uranyl silicates, spectral sharpening of the sediment samples was dramatic when the sample temperature decreased from ϳ 50 K to ϳ 10 K. Spectral changes were minimal below 10 K.
The four U-contaminated sediments, though acquired at three distinct depths (Table 2 ) exhibited nearly identical spectral profiles (Fig. 8, Table 4 ). The spectra of all four sediments consisted of sharp, well-resolved vibronic peaks characteristic of uranyl compounds emanating from a weak, broad fluorescence background. presence of a dominant, single uranyl species, or a limited number of uranyl species with similar fluorescence behavior. The appearance of a weak, broad spectral background implied the presence of coexisting minor species such as adsorbed surface complexes or an amorphous uranyl compound. The spectra were nearly invariant at time delays from 1 s to 801 s, nearly five times the fluorescence lifetimes of these sediments (Fig. 9 ). Fluorescence lifetimes (Table 4) varied little among the four sediments, again implying the presence of a common U(VI) phase.
Emission peak spacings of the sediment U(VI) phase ranged between 761 cm Ϫ1 and 782 cm Ϫ1 (Table 4) . These spacings were small compared to the aqueous uranyl ion (872 cm Ϫ1 ) or those of U(VI)-carbonate and U(VI)-phosphate minerals (Morris et al., 1994 (Morris et al., , 1996 Geipel et al., 2000; Wang et al., 2003) . These peak spacings suggest weakened apical U ϭ O bonds as a result of stronger interaction between the equatorial ligands and U(VI).
Spectral Analysis of Sediments Subjected to Dissolution
The fluorescence spectra of the U(VI)-contaminated sediments equilibrated in Na and Ca electrolytes were measured to ascertain whether the spectral signature changed after leaching/ solubilizing a portion of the precipitated U(VI) pool. A comparison of the spectra of the original and equilibrated sediment samples indicated that electrolyte contact and partial solubilization did not markedly change the spectral characteristics of the residual U(VI) phase (Figs. 10 and 11 , Table 4 ). The fluorescence intensity of the sediment decreased in direct proportion to the quantity of U(VI) solubilized, within the error limit of the measurement. This was a mass loss effect. Solubilization increased with the increasing pH and carbonate content of the electrolyte solution (Liu et al., 2004) . The solubilization extent also differed between the sediments.
The fluorescence spectra of U(VI) leached into the electrolyte solutions were significantly different from those of the sediment U(VI) (Fig. 12, Table 4 ). All of the vibronic peaks of the aqueous complexes were blue-shifted and the bandwidth increased as compared to the precipitated phase. The relative spectral intensities were larger in both Na and Ca electrolytes at higher pH (e.g., Na-2 and Ca-2), because of the increased solubility of U(VI) in the sediment (Liu et al., 2004) . Comparison of the fluorescence spectra of U(VI) in the Na-and Ca-HCO 3 electrolyte solutions to those of the UO 2 (CO 3 ) 2
2Ϫ
, UO 2 (CO 3 ) 3 4Ϫ and Ca 2 UO 2 (CO 3 ) 3 complexes (Wang et al., 2004) indicated these complexes had formed during dissolution of sediment U(VI). It was not possible to spectroscopically ascertain which of these complexes was dominant in the aqueous phase of the sediment suspensions because their spectra are similar. Thermodynamic calculations, based on solution composition, indicated that the tricarbonate complex should be dominant. 
DISCUSSION
Spectral Enhancement at Cryogenic Temperatures
Most of the uranyl silicates and all of the U-bearing sediments exhibited weak and poorly resolved fluorescence emission spectra at room temperature (Figs. 3 and 7) , despite the relatively high uranium concentration in these solids (Tables 1  and 2 ). Since U(VI) is a known green-yellow fluorophore, the observed weak fluorescence suggests the presence of fluorescence quenching mechanisms in the samples. As temperature was lowered, all of the U(VI) silicates and the sediments showed intense, well resolved fluorescence spectra between ϳ 490 nm and 650 nm (Figs. 4, 7 and 8 ). This confirmed that at room temperature sample fluorescence was quenched and thermally broadened. It also indicated that quenching and spectral broadening effect(s) were largely removed at liquid helium temperature.
There are many mechanisms leading to the quenching of uranyl fluorescence. Some, such as coupling with high energy vibrational modes of solvents, resonance energy transfer to ions and molecules with energy levels close to that of the uranyl excited state, phonon coupling, energy transfer to defect centers in solids, concentration quenching, and heavy metal effects are common to many fluorophores (Rabinowitch and Belford, 1964; Lakowicz and Weber, 1973; Baird and Kemp, 1997) . It is well known that vibrational and phonon-coupling lead to spectral broadening (Jankowiak and Small, 1989) . The U(VI) ion exhibits several additional fluorescence quenching mechanisms because of its large oxidizing potential (E 0 ϭ 2.6 V (Balzani et al., 1978; Burrows et al., 1985; Burrows and Miguel, 2001 ) and the long lifetime of its excited state. These mechanisms include photo-reduction by organic and inorganic molecules, hydrogen atom abstraction (Moriyasu et al., 1977) , and electron transfer from other metal ions (Burrows et al., 1975; Marcantonatos, 1979a,b; Azenha et al., 1989) . Potentially, any of these mechanisms may have occurred in the sediment samples due to low concentrations of transition metal and lanthanide contaminants.
For uranyl compounds, the spectral intensity and resolution enhancement at lower temperatures was noticed as early as 1909 by Becquerel et al. (1909 Becquerel et al. ( , 1910 . They cooled solid uranyl salts to liquid air temperature (90 K), and observed the disappearance, splitting, and sharpening of spectral bands. The spectral bands of some uranyl salts were further sharpened at the temperature of liquid nitrogen. Later, Samojlov (1948) noted that cooling from 90 K (liquid air) to 4.2 K (liquid helium) caused further spectral narrowing and splitting with corresponding line shifts of 5-12 cm Ϫ1 towards shorter wavelengths. Now it is generally understood that the fluorescence spectra of pure uranyl compounds originates from the electronic transition from the first excited state to the ground state coupled with various vibrational transitions either at ground state or excited state. The main vibrational state involved is the symmetric O ϭ U ϭ O stretching mode; coupling to this mode leads to the approximately evenly spaced emission bands in the blue to yellow spectral range. However, there are also simultaneous coupling with, i.) other vibrational modes such as the antisymmetric stretching mode and the bending mode of uranyl, ii.) vibrational modes of the associated anions and water molecules, and iii.) the crystal lattice. It is the suppression of the latter modes that increased both the spectral intensity and resolution (Rabinowitch and Belford, 1964) . Low temperature spectral enhancement has been used for speciation studies of U(VI) sorption complexes on mineral oxides and in contaminated soils and sediments (Duff et al., 2000) . The presence of multiple uranyl binding sites on ␣-alumina was confirmed by fluorescence measurements at 77 K (Burrows et al., 1986) . The 1:4 and 1:5 uranyl hydrolysis products were measured using 77 K fluorescence measurements (Clark et al., 1999) in strong base. Duff et al. (2000) demonstrated that the spectral resolution of U(VI) in contaminated sediments when the temperature was decreased from RT to 77 K.
Fluorescence Characteristics of Uranium Silicate Minerals
The large variations of the fluorescence spectra among the minerals indicate that ligand coordination in the equatorial position of the UO 2 2ϩ cation influences its fluorescence properties. The vibronic peak spacings for the uranyl silicates, 1 , were between 705 to 823 cm Ϫ1 (Table 3) , consistent with those reported from IR and Raman spectra (Cejka, 1999) . These 1 values were smaller than those reported for uranyl phosphates and carbonates (Geipel et al., 2000; Wang et al., 2003) , arsenates (Geipel et al., 2000) , and chlorides (Flint and Tanner, 1978) . A strong chemical interaction is therefore implied between uranyl and silica because increased binding strength in the equatorial plane withdraws electron density from the apical oxygens and thus reduces the strength of the U ϭ O bonds. The strong binding between uranyl and silica may reflect acid-base hardness. The total acid dissociation constant, ⌺pKa, is a qualitative measure of the basisity of a conjugate acid anion. The ⌺pKa for silicic acid is 45.36, as compared to 16.62 for carbonic acid and 20.88 for phosphoric acid. As a hard acid, uranyl binds more strongly with a hard base such as the silicate anion (Pearson, 1963) .
There were some variations in 1 between the different uranyl silicates: those of cuprosklodowskite and soddyite were greater than 800 cm Ϫ1 while the rest were around 760 cm Ϫ1 . Apparently the Si:U ratio influenced the 1 values. The Si:U ratios of the studied uranyl silicates were mostly 1:1, with the exception of 1:2 for soddyite and 5:2 for haiweeite. The larger 1 value of soddyite may be explained by its lower Si:U ratio, leading to weaker equatorial U-silicate bonding, and hence, stronger bonding with the apical oxygens. The minor differences in 1 between the 1:1 uranyl silicates probably resulted from other factors such as molecular symmetry, degree of hydration, and mineral crystallinity. These factors may also have influenced the band origins (i.e., the 0 -0 transition energy), the relative intensities of the vibronic bands, and fluorescence lifetimes of the different compounds.
It was noticed that a short wavelength band (ϳ 482 nm) from synthetic boltwoodite appeared at room temperature but disap- peared at liquid helium temperature. This band may originate from radiative transition from the second vibrational level (v ϭ 1) of the excited state to the ground state. The population of this excited vibrational level is negligible at lowered temperatures, causing the disappearance of the band (Becquerel et al., 1909 (Becquerel et al., , 1910 .
Despite the fact that uranyl silicates are relatively common secondary products at uranium deposits (Finch and Ewing, 1991; Pearcy et al., 1994) , fluorescence measurements of these phases have been relatively scarce (deNeufville et al., 1981; Geipel et al., 2000) . deNeufville et al. (1981) demonstrated that the weak fluorescence emissions from uranophane and ␤-uranophane at RT were increased by sample cooling to 77 K. The RT fluorescence spectra of synthetic boltwoodite and soddyite reported by Vochten et al. (1995 Vochten et al. ( , 1997b were similar to our observations. However, this work is the first systematic characterization of uranyl silicates by cryogenic fluorescence spectroscopy.
Uranyl Silicates in Hanford Vadose Zone Sediments
The well-resolved vibronic peaks in the fluorescence spectra of the four sediment samples (Fig. 8) indicated that the major fluorescent species was a crystalline uranyl phase. Time-resolved fluorescence spectra of all four samples (Fig. 9) showed only a small shift at delay times from 1 s to 801 s implying the presence of one dominant fluorescence U(VI) species. Fluorescence spectra obtained from the sediments after dissolution in Na-and Ca-HCO 3 electrolytes showed a decrease in spectral intensity but little change in peak position (Figs. 10 and 11 ). During this period 12.8 to 67.9% of the U(VI) phases were dissolved. The results implied partial dissolution of a single phase whose composition/structure was unchanged by electrolyte contact.
Fluorescence band spacings, of both the original and electrolyte-contacted sediments, varied from 761 cm Ϫ1 to 782 cm Ϫ1 (Table 4) , which were consistent with those of uranyl silicates (Table 3 ). In contrast, band spacings for the uranyl ion are reported at 872 cm Ϫ1 (Morris et al., 1994) and at ϳ825 cm Ϫ1 for uranyl phosphates and carbonates (Geipel et al., 2000; Wang et al., 2003) . The formation of uranyl phosphate, carbonate, silicates, and oxyhydroxides are all plausible in the Hanford sediments given the U-waste composition, the igneous character of the subsurface sediments, and the calcareous nature of vadose zone porewater. In addition, the presence of U(VI)-oxyhydroxides was not supported by our spectroscopic measurements as the spectra of these phases are usually broad and red-shifted (Perry and Brittain, 1984; Wang et al., 2003) . Therefore, the relatively small 1 values and the well resolved and intense peaks observed here from the sediments points to the presence of uranyl silicates.
The fluorescence spectra of the four sediments did not exactly match any of the reference uranyl silicates. The small 1 values indicated that the sediment U(VI) silicate had a Si:U ratio of 1:1 or higher. A comparison of the spectral profile of the sediment with those of the mineral specimens suggested that, within the error limit of the fluorescence measurement, the uranium species in the sediment were most similar to the uranophane group of uranyl silicates, namely, uranophane, boltwoodite, and cuprosklodowskite, or soddyite, for which, spectral similarity exists among them (Fig. 4) . Using a procedure commonly adopted by X-ray spectroscopy (Behrens, 1992) , the fluorescence spectra of both the sediments and the reference minerals were normalized, and the spectra of the sediments were fit with one, two and up to four combinations of the reference mineral spectra. The fitting results indicated that the best possible fit occurred with the inclusion of 53% boltwoodite, 42% uranophane, and 4% soddyite. The spectrum of the cuprosklodowskite, which was also similar to that of the sediment, was not included in this analysis because Cu was at low concentration in the sediment. These computed results were consistent with the 1 values, as well as that of EXAFS spectral analysis (Catalano et al., 2003) and election microprobe analyses of the crystallites. The EMP analyses were most Original sediment After extraction with Na-1 After extraction with Na-2 a.) Fig. 10 . Fluorescence emission spectra of Hanford sediments 61AB (a) and 67AB (b) before and after leaching with electrolyte solutions Na-1 and Na-2 at 5.2 K. ex ϭ 415 nm. 506.4, 526.7, 549.5, 574.0 782 291, 85 61A 507.6, 528.3, 550.8, 574.5 761 467, 137 61AB 506.4, 527.0, 549.2, 573.2 765 447, 127 67AB 506.8, 527.1, 549.7, 573.7 771 452, 165 consistent with soddyite or boltwoodite . The lack of an exact spectral match with any of the individual uranyl silicates may result from several reasons. One possibility is that the sediment phase contains a slightly different minor cation substitution pattern (e.g., Ca 2ϩ , Mg 2ϩ , Na ϩ , K ϩ ) than the reference phases. The observed crystallites were found in internal grain fractures of both plagioclase and potassium feldspars and it is plausible that their cation concentrations may reflect the specific intragrain water composition of these materials. Similarly, Al(III), which is detected in the crystallites by EMP analysis, may be a structural substituent that affects fluorescence. It is also well known the fluorescence spectra of U(VI) minerals are sensitive to variations in hydration, weathering and aging (Perry and Brittain, 1984; Morris et al., 1996; Leung et al., 1999) , and all of the above factors are plausible explanations. Other samples of uranyl silicates are currently being sought to expand our spectral database.
The presence of U(VI) silicates in Hanford subsurface sediments contrasts with other recent reports of U(VI) speciation in contaminated sediment. X-ray and fluorescence spectroscopic studies of soil from the U.S. DOE Fernald site in Ohio, indicated the formation of three different types of precipitates: (1) an autunite-like uranium phosphate precipitates with characteristic sharp green fluorescence bands, (2) a schoepite-like oxyhydroxide secondary minerals with broad, green fluorescence emission, and (3) an ill-defined uranyl organic phase with orange fluorescence (Morris et al., 1996) . At the DOE Savannah River Site in South Carolina, USA, most of the sediment U(VI) associates with particulate organic material and poorly crystalline iron oxides. The organically-complexed U(VI) displayed red-shifted fluorescence spectra as compared to aqueous uranyl (Hunter and Bertsch, 1998) . U(VI) was found as sodium-calcium uranyl tricarbonates and U(VI)-hydroxide or hydroxycarbonate precipitates in California evaporation pond sediment (Duff et al., 2000) . Aqueous calcium uranyl tricarbonate species were identified in calcium-rich seepage waters of a mine tailing pile in southeast Germany (Bernhard et al., 1996) .
Curious were the differences between U(VI) speciation in Hanford (uranyl silicate) and Fernald sediments (autunite/ schoepite) given their comparable U(VI) concentration (ϳ 500 ppm). The waste source term at both sites contained significant phosphate (Womack and Larkin, 1971; Morris et al., 1996; Jones et al., 2001; Lichtner and Felmy, 2003) . The preferential formation of the uranophane-type uranyl precipitates in the Hanford vadose zone may have resulted from (1) the abundance of unweathered silicates in the sediment, such as quartz and feldspar; (2) a waste pH (9 -10) and temperature (60 to 80°C) that encouraged Si dissolution and high solubility; (3) and precipitate; and (4) low volumetric water content that maintained fluid saturation of intragrain fractures. Supporting such explanation, boltwoodite is commonly found associated with quartz in the presence of uranium (Vochten et al., 1997b) . Uranophane-type U(VI)-silicate minerals are important paragentic products found in oxidizing, water-unsaturated uranium ores (Finch and Ewing, 1991; Pearcy et al., 1994) . The formation of crystalline uranyl silicates in the Hanford vadose zone has significant implications to the future mobility of in-ground U(VI). These U(VI) silicates reside primarily in intra grain fractures, and they dissolve slowly because of kinetic and mass-transfer limitations (Liu et al., 2004) . It has long been believed that vadose zone U(VI) at Hanford would be leachable to groundwater because of the limited potential of the calcareous, unweathered sediment to adsorb and precipitate U(VI) as a surface complex. Spectroscopic identification of the precipitates as uranyl silicates, along with the results of Liu et al. (2004) , imply that the vadose zone U(VI) in this location will exhibit limited mobility to groundwater because of low uranyl silicate solubility and slow dissolution kinetics and diffusion rates from intragrain domains. It is further evident that the total concentration of U(VI) that may be released from these sediments will be strongly dependent on water content and phase composition because of the solubility control.
The sediment samples studied here (53, 61, 67) represent a limited depth range (118 -141=) from a single borehole. Consequently, the applicability of these findings to other locations at Hanford is not yet known. There are at least six other single shell waste tanks that released high U(VI) metal wastes to the vadose zone and the speciation of U(VI) beneath them is unstudied. Moreover, there are many other locations of U(VI) contamination at Hanford resulting from waste sources with different composition, temperature and release/dynamics. Hanford is only now beginning to speciate the U(VI) in these varied plumes. It is expected that other forms of precipitated U(VI) will be found as a result of differences in sediment and waste chemistry, and the nature of the reactive transport event.
CONCLUSIONS
Cryogenic uranyl fluorescence measurement at liquid helium temperature significantly enhanced both intensity of the fluorescence signal and spectral resolution of uranyl silicate minerals and U(VI)-contaminated Hanford vadose zone sediments. The cryogenic method offers improved possibilities for identifying uranyl species in complex environmental samples for which weak, broad, and featureless fluorescence spectra are usually observed at room temperature.
For the uranium silicate minerals, the symmetric vibration frequency, measured as the average of the peak spacing of the vibronic bands, ranged between 705 cm Ϫ1 and 823 cm Ϫ1 , was much smaller than values reported for carbonates, phosphates and oxyhydroxides. A stronger interaction between silicate and the U(VI) in the equatorial plane was suggested.
The fluorescence emission spectrum of all four U(VI)-contaminated sediments (142 to 415 g/g of total uranium) was quite similar, indicating the presence of a common U(VI) phase(s). Both the time resolved measurements and dissolution measurements showed little shift with delay indicating that most of the U(VI) was associated with a single type of U(VI) precipitate. The lack of change in the emission spectrum with the leaching of up to 60% of the precipitated U(VI) pool further indicated that only one dominant U(VI) phase was present. Spectral comparisons suggested that the U(VI)-silicate was a member of the uranophane group. While an exact match was not found between reference minerals and sediment, the unknown spectra was best simulated by assumed mixture of 57% of boltwoodite, 43%uranophane and 4% soddyite.
